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ABSTRACT 
 
 
Various indentation models have been developed to measure the toughness of bulk 
materials and coatings. All of them are based on the formation of well-developed 
cracks. However, in order to eliminate the influence of elastic-plastic deformation in 
the substrate, it is preferable to perform small indentations in thin coatings and thus 
the cracks may be not well-developed compared to the indentation size. Relatively 
little work has been done to investigate this kind of small cracks.  The ultra small 
cracks (<500nm in length) in thin coatings (~500nm in thickness) confined to 
indentation zone are investigated here. A new method to assess the toughness of the 
main components of solar control coatings such as SnO2, TiOxNy and ITO deposited 
on soda-lime glass is proposed here. This method is able to separate energy 
contribution from other deformation mechanisms from that dissipated in the fracture 
event. The energy release rate of these ceramic coatings are in the range 15~45 J/m2 
by this method. 
 
 
1. INTRODUCTION 
 
Multilayer coated systems (e.g. solar control coatings consisting of a selective 
absorbing layer, antireflection layers and barrier layers on glass) are widely used in 
architectural applications in order to save energy. Whatever the application, the 
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coating lifetime, which is controlled by the mechanical properties of the coated 
system, is a key issue that needs to be addressed. For thin hard coatings, failure is 
often due to fracture during handling or cleaning, it is therefore important to 
understand the fracture mechanisms during contact so that we can understand how the 
coating performs in service. What is more, if current mechanical performance models 
(e.g.  [14-16]) used to predict the hardness and Young’s modulus of the complex 
coated systems are to be improved, it is necessary to understand the fracture 
behaviour and include the effect of cracks in the model.  
 
 
Conventional indentation toughness methods were initially developed for monolithic 
bulk materials tested by microindentation when well-developed radial cracks form 
(Marshall and Lawn [1], Antis et al [2]) . The toughness KIC is related to the applied 
load P and the crack dimension c.   
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where E and H are the Young’s Modulus and hardness of the material. For Berkovich 
and cube corner tips, χ =0.016. This method has been extended to coated systems 
where radial cracks are well-developed by some authors (e.g. [5,10,11]), generally for 
a coating much thicker than 1µm . The values of toughness obtained by this method 
will depend on the residual stress in the coating since equation (1) is strictly only 
valid in the absence of internal stresses. For hard coatings on harder and stiffer 
substrates, it may be reasonable to assume the residual stress only modifies the crack 
shape. However, it is necessary to point out that this traditional method will be invalid 
when the cracks are confined to the indentation impression and coated systems 
consisting of a harder coating on softer substrates are usually an example of this. 
Chen and Bull [12] have shown that the radial cracks which run along the indenter 
edges in hard coatings on softer substrates are generally confined within the 
indentation impression. Therefore, the conventional indentation method is not valid as 
the cracks produced are not sufficiently well developed.  
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An alternative approach to assess coating toughness was proposed by Li and Bhushan 
[3,4] and used the step in the nanoindentation load–displacement curve obtained 
under load control which is associated with chipping. In this model the load-
displacement curve is extrapolated from step start point (assumed to be the onset of 
fracture) to its end point, and the difference between the extrapolated curve and the 
actual curve (i.e. area ABC in Fig.1) is assumed to be the fracture dissipated energy. 
 
 
Figure 1  Schematic of the extrapolation of a load vs. displacement curve  to determine the 
energy dissipated in fracture ABC ( the ld-dp method developed by Li et al [3, 4]). 
 
Then, the coating toughness is given by,   
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Where Ufr  and Atotal are the fracture dissipated energy and the fracture area; Ef and ν  
are Young’s modulus and Poisson ratio of the coating. A measurement of fracture 
area may be obtained by microscopical analysis of the fracture around the indentation.  
 
However, this method completely ignores the change in the elastic-plastic behaviour 
of the coated system when fracture occurs. Toonder et al [5] also argued that the area 
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ABC was not the actual energy dissipated by fracture. Furthermore, this method 
cannot be applied to tests carried out under displacement control. 
 
In order to eliminate the elastic-plastic deformation influence from substrate, it 
preferred to perform small indentations in thin coatings. For this reason, the cracks 
may be not well-developed compared to the indentation size. Since existing methods 
cannot work well in this aspect, this paper presents a new method to assess this kind 
of ultra small cracks in a thin coating. 
 
 
2. EXPERIMENTAL PROCEDURE 
 
The coatings investigated here are the main components of solar control coatings such 
as ITO, SnO2, TiOxNy  . The coated system tested is a multilayer stack consisting of 
very thin layers of coating materials deposited with the same architecture and 
deposition conditions as in a commercial solar control coating, capped with a 400nm 
thick layer of each individual constituent material for fracture assessment. In this way, 
the interfacial structure and coating deposition conditions are such that the 400nm 
layers should have the similar microstructure to the thinner layers used in a 
commercial multilayer solar control coating. For ITO coatings, there were problems 
with adhesion so an extra 240nm thick coating was also produced. These coatings 
were sputtered on commercial soda-lime glass by an industrial scale coating plant at 
Pilkington PLC. Coatings and their properties are summarised in Table 1. 
 
Indentation experiments were performed using Hysitron Triboindenter fitted with 
both a cube corner indenter (radius is 40nm for a new tip) and a Berkovich indenter 
(tip radius 100nm). Tests were performed under displacement control using the cycle 
in Fig.2. The maximum displacement was set in the range 40nm to 400nm and the 
displacement rate was 20nm/s for 400nm maximum displacement, 15nm/s for 300nm 
maximum displacement, 10nm for 200nm and 100nm maximum displacement, 5nm/s 
for 40nm maximum displacement. The hold period at maximum displacement was 5s 
and afterwards the indenter was withdrawn at the same rate as during the loading 
cycle. The crack length and profiles of the indentation impression were analysed by 
AFM using the tip which made the impression. 
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Both the Young’s modulus (E) and hardness (H) of these coatings were determined by 
nanoindention using the standard Oilver and Pharr method [7]. Given the need to 
make very small indentations to avoid substrate deformation [8] the values quoted in 
Table 1 were extrapolated to zero indentation depth .  
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   Figure 2. Displacement as a function of time under displacement control. 
 
 
Table 1. The hardness, H, Young’s modulus, E, and contact modulus, Er, values obtained by 
extrapolation of nanoindentation data obtained with the Triboindenter. 
 
Layer H(GPa) Er (GPa) E(GPa) 
TiOxNy 9 117 122 
ZnO 15 114 119 
SnO2 14 131 139 
ITO 12 133 141 
Float glass 6.1 79 84 
 
 
A constant Poisson’s ratio, 25.0=ν , was used for all coatings in this study.  
 
 
 
3. RESULTS & DISCUSSION 
 
For most coatings, no evidence of fracture appears either in AFM images or in the 
load-displacement curves even at 400nm maximum displacement when tested using a 
Berkovich indenter. However, there is evidence of cracks in AFM images and as well 
as in the load-displacement curves under 400nm maximum displacement for these 
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coatings when tested using the cube corner tip. Due to its sharpness, given the same 
displacement the cube corner indenter causes greater stresses and strains in the 
surrounding materials compared to the Berkovich indenter. This is the reason that the 
cube corner indenter is effective to cause cracking at lower loads. Pharr suggested that 
it could lower the crack initiation load at least 10 times compared to the Berkovich for 
many materials [13]. Therefore, the toughness calculation in this study is focused on 
400nm displacement control for all the solar control coatings on glass tested by the 
cube corner tip. 
  
 
3.1 Observation of fracture 
 
Fig.3 shows the load-displacement curves for 400nm TiOxNy on glass with peak 
displacements of 100nm and 400nm . There is no evidence for fracture at the lower 
displacement but clear load drops are visible in the load-displacement curve for the 
higher displacement. There is also some evidence of uplift next to the indent (circled 
in Figure 3d) which could be evidence for coating detachment since this material  
does not show appreciable pile-up. In order to analyse the possibility of cracking 
further line profiles have been extracted from Figure 3d and are presented in Figure 4. 
It can be seen that there is a possible open through thickness crack (arrested) and the 
neighbouring sloping edge of the indent is much steeper than would expected from 
the indenter geometry. This is likely to be due to the detachment and lateral 
displacement of the coating. The origin of this detachment is a picture-frame crack at 
C. 
To provide further evidence for the size and location of fracture in these samples high 
resolution scanning electron microscopy has been used. At higher loads using a 
Berkovich indenter two crack systems are observed [14,15]. Initially, radial cracks are 
observed along the edges of the indenter where the coating is bent around the indenter 
edge. These are followed by picture-frame cracks at the edge of the impression once 
sufficient bending has occurred (usually when the indenter penetration is comparable 
with the coating thickness [9].) It might be expected that similar cracks are produced 
by the cube corner indenter at lower loads. Whereas, such cracking can clearly be 
seen in scanning electron micrographs of indents with 50mN load or greater (Fig.5), 
they are not visible in the SEM images of small indents tested here (peak load 
<10mN). This is largely due to the difficulty in obtaining high resolution SEM images 
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of the indentations produced here with peak loads less than 10mN. Transmission 
electron microscopy may be necessary for accurate crack imaging. 
 
 
 
 
 
 
 
 
 
Figure 3.  Load-displacment curves (a, c) and AFM Images (b, d) of 400nm TiOxNy on glass 
substrate without cracks (a,b) and with cracks (c,d), respectively. The coating was indented by a cube 
corner tip under displacement control at 100nm maxuimum displacement (a,b) and 400nm Maximum 
displacement (c,d). The circle in (d) marks an area of uplift associated with through-thickness and 
interfacial fracture. 
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Figure 4. AFM line profile measurement corresponding to Fig.3(d). An open through-thickness 
crack is visible at point C. 
 
 
 
 
             
                       (a)                                                       (b) 
Figure 5.  Scanning electron micrographs of indents in (a) a TiOxNy coating imaged by 
secondary electrons and (b) an ITO coating imaged by backscattered electrons. Radial cracks and 
picture-frame cracks caused by nanoindentation with a Berkovich indenter under displacement control 
at 500mN peak load are visible in both. The radial cracks are confined to indentation impression. 
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From the microscopical analysis it seems likely that the sharp load drops which 
appear in load-displacement curves in this work are most likely to be assessed with 
through-thickness cracks.  These through-thickness cracks may be used as a basis for 
toughness assessment. 
 
 
3.2 Total work vs. displacement (Wt-dp ) method for toughness assessment 
 
 
Fracture behaviour may be assessed from a plot of total work of indentation vs. 
displacement (Wt-dp) curve. The total work of indentation is determined by the area 
under load-displacement curve up to a given displacement. The method to determine 
fracture events is explained in Fig. 6.  First, we extrapolate the initial  Wt-dp curve 
from the crack start point (A) to the crack end point C, we get the work difference CD 
after fracture; then we extrapolate the Wt-dp curve after cracking backward to the 
crack start point and thus we get the work difference AB at the onset of fracture. AB 
represents the difference between the work of elastic-plastic deformation of the 
material before and after fracture whereas CD represents the work of elastic-plastic 
deformation plus the work of fracture at the end of the crack event. The difference 
between the two (i.e. CD minus AB) is the total work dissipated in the fracture event. 
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Figure 6.  Schematic of extrapolating the total work vs. displacement curve before and after 
cracking to determine the fracture dissipated energy CD-AB. 
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3.3 Energy release rate and toughness 
 
It may be assumed that to calculate the strain energy release rate and fracture 
toughness, we may substitute the work dissipated in fracture from previous section for 
Ufr in equation (2). In order to do this we need an accurate measurement of crack area. 
In this study we have based the calculation on radial fracture delineating the indenter 
edges it is assumed that the crack horizontal dimension is equal to the indentation 
radius and vertical dimension is equal to coating thickness. Since there are three 
indenter edges thus dimension must be multiplied by 3 to get the total crack area-this 
assumes uniform fracture around the indentation. Although conventional indentation 
method [1,2] cannot work well in this study, it is also used for comparison here. The 
coefficient χ  for the cube corner indenter is 0.0319 [6]. All these results are 
summarized in Table 2. The comparison between the new method proposed here and 
the traditional method is also plotted in Fig.7. 
 
 
Table.2 The energy release rates and toughness calculated for the solar control coating components 
investigated in this study based on  the radial through-thickness fracture.  
 
 
 
 
Toughness of coating KIC ( mMPa )  Energy release rate 
of coating GIC  
(J/m2) calculated by 
the Wt-dp model 
presented   
 
 
calculated by the 
Wt-dp model  
Estimated by Lawn 
method  
400nm TiOxNy top layer single 
layer stack 
24.4 ± 1.4 1.8 ± 0.2 
 
 
0.9 ± 0.1 
 
240nm ITO top layer 
mutilayer stack  
36.3 ± 8.2 2.2 ±  0.3 0.9 ± 0.1 
400nm ITO top layer 
mutilayer stack  
32.7 ± 4.4 2.1 ± 0.2 0.7 ± 0.1 
400nm TiOxNy top layer 
mutilayer  stack 
24.1 ± 7.8        1.8 ± 0.2 1.0 ± 0.1 
400nm SnO2 top layer 
mutilayer stack 
29.3 ± 9.8 1.9 ±  0.3 1.3 ± 0.1 
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Figure 7.  Comparison of toughness values determined by the conventional indentation method 
and the new method developed here. 
 
 
From Table 2, it can be seen the energy release rate of these kinds of ceramic coating 
are in the range between 15~45 J/m2 which are reasonable.  By comparing the 
toughness determined by conventional method and the new method developed here, 
they are in the same order of magnitude. However, the results determined by 
conventional method are almost the toughness of uncoated glass (except for tin 
oxide). But these coatings suppress the fracture of the glass at higher loads which 
implies that they are tougher than the glass substrate. The results determined by the 
new method developed here support this observation. 
 
It might be argues that the fracture events that lead to features in the load 
displacement curves are actually picture frame cracking events. In this case the area of 
the crack can also be shown to be dependent on the size of the indent and is about √3 
times the area determined for radial cracks. The strain energy release rate will thus be 
reduced by a factor of 1/√3 and is thus in the range 9-26J/m2 which is also reasonable. 
Further work is necessary to determine the position and extent of cracking area 
accurately if more reliable comparisons are to be made. Studies by high resolution 
TEM are under way to determine crack dimensions. 
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4. CONCLUSIONS 
 
The fracture behaviour of solar control coating constituents such as ITO, SnO2 and 
TiOxNy on a glass substrate has been investigated and the toughness of these coatings 
determined by the new Wt-dp method developed in this study. The results discussed 
previously are summarized in the following: 
 
(1) Nanoindentation under displacement control by a cube corner tip is suitable to 
investigate the small-scale fracture behaviour of a submicron coated system. 
(2) The Wt-dp method can separate other deformation energy contributions from 
the fracture energy which has never been achieved reliably by other previous 
models based on the fracture dissipated energy estimated from extrapolating 
load-displacement curves. 
(3) Using the method presented here, it is possible to analyse the through-
thickness radial (or picture-frame) cracks as well as interfacial cracks from the 
total work vs. displacement curve and hence determine energy release rates for 
through thickness or interfacial fracture provided the crack area is known. The 
technique has wide application (for radial crack, delamination, chipping etc) 
given there is evidence for cracks in total work vs. displacement curve.  This 
can be equally applied for load or displacement control experiments. 
(4) For accurate work a very precise knowledge of the crack area is required. This 
is not easy to determine for the small cracks produced in this study and 
probably requires transmission electron microscopy. 
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